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Abated--The electrolytic reduction of phe~yl chloride 3. phenacyl bromide 4. Q+hloroacer)l)pyrdinc 6 and 
4-&romoacctyl) pyridinc 7 was invcstigalcd and compared IO thar of 0~ analogcn~s ketones [acerophcnonc 5 and 
aceryl pyridioc 81 and halides ((2chloroc~hyl)bcnzrne 9 and (2.bromocrhyl)benzcn IO]. Cuncn~-poknhl curwx on 
mercury were measured and the products from prcparalive ekcrrdyscs wcrc isolaled and t&nMkd. The 
cr-halokeroncs cxhibircd two reduction waves. the less negative of wbch corresponded IO the ckavage of rhc C-X 
bond whik the olher was due 10 the rcducrkm of the resulting ketone. The a-halcke~oncs In general were found 10 bc 
more rcacbvc rhan the analogous hahdes and rhis cffecc was even mOre pronounced in the pyridine dcrivalivcs. A 
mechanism involving ad&lion of an ekcrron 10 an orbilal delocalized over rhc carbonyl and the Mn IS suggcskd. 
lo accounl for Ihis phenomenon. 

The electrochemical reduction of a-haloketoncs has 

received considerable attention.‘-” Polarograms of these 
compounds show two waves. The El? of the second wave 

corresponds to that of the analogous ketone and 
controlled potential electrolysis at rhe first wave con- 

firmed the following scheme. 
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Scheme I. 

It was indicated that the ketone functionality made rhe 
potential for halide cleavage (l-2) much less negative 

than that for alkyl halides. Two mechanisms have been 
postulated to account for this phenomenon. 

(a) ‘Ihe reduction of the halide was regarded as a 

nucleophilic displacement,‘*” the electrode acting as the 
nuckophile. The ease of reduction was attributed 10 the 

polar effect of the oxygen. 
(b) A more widely accepted’-“-” reaction pathway 

would involve discreet electron transfer steps. Assuming 

no adsoiorbed intermediates and no acid catalysis, this can 
be envisaged as follows: 

It is generally agreed that the lirst step involves electron 
transfer and the last is protonation of the enolate anion. 
Although the timing of the other steps is not resolved. 
most speculation has centered upon a mechanism 
involving carbon-bakqen bond ckavagc in the rate 
(potential) dctcrmining step. Indeed. it has been suggested 
that the first intermediate is the enolate radical b. But, an 

alternative direct 2 electron addition to a has nol been 

disproved. 
In the present study an attempt was made 10 clarify the 

mechanism of clcctrorcduction of (I-haloketones by 

investigating the influence of a heteroatom in the parent 

molccuk on the reduction potential. 

The electrochemical behavior of the compounds &lo 
was investigated. Current-potential curves, on a dropping 

mercury electrode of constant area. in the range of 0 10 

- 2.0 V were recorded. 
The curves for KVCKd concentrations of 4 are shown in 

Fig. 1. The a-haloketones 3, 4, 6 and 7 exhibited to 
reduction waves while the ketones S and 8 had only one 

wave (Figs. 2 and 3). The normal halides 9 and 10 did not 
display any reduction wave in the potential range under 
investigation. Values of EI,Q (i = 5% i.,) were detivcd from 

current-potential plots and are shown in the table. 

Current-time curves on free falling drops at a constant 
potential l& (for each compound) wcrc recorded for 3.4 

and 6 and the curves for 3 are shown in Fig. 4. Similar 
measurements with 7 would have been mcaninglcss as it 
has an oxidation wave (possibly due 10 catalytic oxidation 

of mercury) in the potential range of its EI.m (Fig. 3). 
Preparative constant-potential electrolyses yielded ex- 

clusively acetophcnone 5 from the benzene derivatives 3 

and 4 and Cacetylpyridine 8 from rhc pyridine derivatives 
6 and 7. 

‘Ihr: more positive reduction wave of rbc o-haloketones 
3.4.6 and 7 (Figs. 2. dnd 3) arises from the cleavage of the 
carbon-halogen bond as proved by the product analysis. 

The second is due 10 the reduction of the ketone formed in 
rhe firs1 step as deduced from the coincidence of the E,,: 

for acetopcnone 5 with Et;: for the second wave of 3 and 4 
(Fig. 2) and in the same manner EIr? for Cacctylpyridinc 8 
and that for 6 and 7 (Fig. 3). 

Although the half wave potentials within the benzene 
and the pyridine series are comparable, the diffusion 
currents (2nd wave) of the halides arc distinctly lower 
than those of 0~ corresponding ketones (Figs. 2 and 3). 
Similar phcnomana have been observed”.‘” and explained 
by the different nature (orientation towards the surface, 
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Fig. I. Currenl-polenrial pbls for the reduclum of phenacyl bromide 4. 0 5 M f3.N.p.Ts in CH,CF; :H,O (6: I). l 
backgrouod(b.g.);::I x 10 ‘M;+?x IO ‘M;‘,Sx 10 ‘.H. 
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Fig. 1. Cwrent-potential plots for comparison of E,., of the benzene derivafives (conected for b.g.). 1 x IO ’ M reactant 
and03 MELPi-p-TsinCH,CH:H,Of6: I)-ace~ophenone5;Ophcnac~lchloride3.Cphenacylbromidc4. 
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Rg. 3. Cunenr-porential pbrs for comparison of E,, of the pyridine derivatrvcs (corrected for b.g 1.0.5 M rcaclaol and 

O.JM EtN-p-I’s in CH,CX.H,O (6:l). pH 3.0. x aceryl pyridine 8; A Ychbroacctyl)pyridine 6; I 
4-(bromoaccryI)-pyridinc 7. 



Fig. 4. Current-rime plor (correcraf for b.g.) for 5.x 10 ’ M phcnacyl chloride 3 at - 1.0 V (SCE). 0.5 M El,N-p.Ts in 
CH,CH:H,0(6: I),pH 3.0. 

hydration state, etc.) of a species diffusing towards the 

electrode from the bulk of the solution as opposed to the 
same species formed in sifrr on the electrode surface. 

Comparison between a-haloketones 3. 4.6 and 7 and 

the analogous normal halides 9 and 10 showed that the 
presence of a carbonyl function in the molecule enhances 

the ease of cleavage of the C-X bond. The halides 9 and 

10 did not reduce at all in the potential range applied. 
while the a haloketones had a wave at even less negalivc 
potentials than required for the reduction of the 
corresponding ketone (Figs. 2 and 3). To understand the 

nature of the carbonyl influence. we wanted IO compare 
the relative reactivitics of the different haloketones by 
means of their Elrp+ values (cqn I).” 

E, p = E” -=Jog~p- l,O.&%~ J& (1) 

WC treated the bromides and chlorides separately assum- 
ing that reaction mechanism and E” values are the same for 

compounds within each series, because of the similarity of 
the starting compounds, the bond cleaved and the products 

formed. E,,, can be used for comparing reactivities as K 

is the reaction rate (eqn 2). 

kf = IA~-~*‘=’ (2) 

but it relates only IO the electron transfer while the 
reactions investigated include electrochemical and chem- 

ical steps. AI the beginning of the wave, i.e. less negative 
potentials, the electron transfer is the SIOWCSI (eqn 3) 

i = SF%** (3) 

and it can be rationally assumed that it is the rate 

determining step. WC therefore chose IO use El,% @ = 20; 
i = 5% Q for a reactivity criterion rdthcr than the usually 
accepted E,?. Applying E;., according lo qn (I). is 
meaningful only if the reactions are irreversible and their 
dcgrcct of irreversibility is identical. The slope of 

*The potentd at which the current reaches a fractmn p of the 
limmng curwnt: i,.. - tJP 

tlhe rate of an ekctrocbcmical reaction is contrdlcd by 
ckcrron transfer or by drtTu.sion or holh la ~hc 19x1 USC, E,, can 
bc compared only if the ckctron transfer controls tbc reaction 
ralcs lo the same extent. 

log ijlogl curve of a reaction reveals whether it is 

irrevenibk and to what extent (i,., a I”‘; i_. = ?‘I). 
The slopes cakuhcd from the log i/Log t curves (Figs. 

S-7) were found lo be 0.52 for 3 and 4 and 0.50 for 6 and 

showed almost identical irreversibility. Ahhough a slope 
for 7 was not obtaiti (see Results) similar behavior was 

assumed. 
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Fig. 5. Log i/ktg t p40c lcorrwtcd for b.g.) for 5 x IO ’ M phcnacyl 
d&de 3 at - 1.0 V (SCE). 0.5 M EtN-p-T’s in CH,CN: H,O 

(6: I). pH 3.0. 
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Fk. 6. l-q i/lost plot (ccxrbcral for b.g.) for 5 x lo” M pbenacyl 
bromkk 4 at -0.2 V (SCE). 0.5 M Et.N-p-Ts in CH,CN:HIO 

(6: I).pH 3.0. 



presented here i/ there is little C-X bond breaking so that 
negative charge still resides on the organic fragment. 

It is important to note, however, that Scheme 3 is 

consistent with all the literature data as well. Thus, for 
example, a rate limiting electron transfer to form anion 

radical can explain the present results extremely well. It 
can also explain the dependence of reduction potential on 

X. 
The best description of the anion radical involves 

addition of an electron to an orbital delocalized over the 

carbonyl and halogen. More precisely this orbital can be 
vvisualized as resulting from mixing of the n* carbonyl 

orbital and the (J* C-X orbital. Molecules with low lying 
o* orbitals like a-iodoketones would reduce most easily 

in agreement with experiment. 
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FIR. 7. 1.0~ ~:log I plot (corrccIcd for b.g.j for 5 x IO ’ M 4. 
(chortncetyl)~pyridine 6 at 0.2 V (SW. 0.S M l&N-p-T’s in 

CH,(‘S : II,0 (6: Il. pH 3.0. 

The L.x, values in the table (Results) therefore seem 

suitable for interpretation in terms of rate limiting 
electron transfer. Comparison among the chlorides and 

bromides showed that the pyridinium derivative is much 
more reactive than the analogous benzene compound and 
this permits a distinction between mechanisms. 

For a nuclcophilic displacement of the halogen bond, 
the electrode acts as the nucleophilc and the halogen 
leaves simultaneously with the electron attack on the 

carbon. the carbonyl exhibiting only the polar effect of the 
oxygen. The tmnsition state in this case can be described 

as similar to the classical transition state for SN: reactions 

in which there is little change of the formal charge of the 
participating carbon. It is not possible IO rationalize the 

strong influence (on the reactivity of the halide) by 
changing a benzene by a pyridine ring, if such a transition 
state is assumed for reduction. Howcvcr in the alternative 

mechanism (Scheme 2) the electron is added IO the 
carbonyl bond (for the sake of discussion we shall assume 
a full electron transfer for the tran~ state). The transition 

state al Scheme 3) for the benzene derivatives would be 

sIahilized by charge delocalization over the n electrons of 
the ring. Yore stabilization of the transition state a2 

accounting for the lower activation energy of the 
pyridinium derivatives is achieved by participation of lhc 

positively charged nitrogen in the electron dclocalization. 
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It has been suggested that the “ease of reduction of 
~hesc halides is generally due to formation of an especially 
stable radical in the initial reduction step.. .‘* This 
mechanism would go directly to b avoiding the anion 
radical. This mechanism is consistent with the data 

EXPYJUMWrAL 

Eltcrro&s. A pdarographic capillary served as the dropping 
mercury ekctrodc. In cunenr-potential meaFuremcnts UK drops 

wcrc knocked oft every 0.32 s by means of an ekcIromcchanical 

device (Metrohm. A. G. Her&u; Schweiz”. E-354 PoIarographic 
stand). The maximum drop size was cakulated by weighing all the 
drops coUeckd in 10 mm. and assuming a hemispherical shape.” 

In preparalive expcrimcnIs a mercury pod of IScm’ area was 

used as the cathode. In all experiments plarinirrd plabnum foil 

was used as the counIer ekctrak and a ccnnmcrcial calomcl 

(.SCE) electrode (“Radnnneta” K401) served as a rcfcrencc. AU 

porenlials reported in this work arc vs .SCE. 
InrIrumrnrarion The poIcntiosIa1 used was “Elron. CHP-I” 

and ir was combined with an “Elron. CHF-I” funcuon generalor 

for i/E mca.sure~ncn~s. Curves were obtained by means of a 

“Moscky 7030 AM” X-Y recorder. 

??w cdl. A 5-necked tlask was used (IOOml). The counler 

electrode was pkced inside a Ihiity glass (“Corning”-7930) or 

ahrndum tube (2cm dia.) dipping in10 the cell. The reference 
electrode was enclosed in a gIass I&C wiIh a Lqgm capillary 

broughl IO wirhin less rhan I mm from rhe working ckcIrode. Two 

rnkls for gas allowed pas* of nitrogen Ihrough the soln or 

above it duriq rhc cxperimenr. 

(a) CurrenI-polcnrial measurements on mercury drops of 

constant surface area were performed poIentionsIaIkally in Ihe 

range 0 IO - 2.0 V. varying rhe potential with rime at a rake of 

5 mV/s. Maximum cunenIs were measured a1 each poImtial. 

corresponding IO a maximum drop size. just before the drop was 

knocked OR. Nirrogcn was bubbled through Ihe solution before 

each measuremen amI over II during the measurcmcn1. 

CuncnI-porenrial plots for ditTerent conccntraIions of phenacyl 

chloride 3. phcnacyl bronude 4. acc1ophcnonc 5. I-acctyl pyridlne 

8. (2chlorocIhyl~nr+nc 9 and (2.bromucthyl~nrme 10 in b.g 

(background) soluIion RI.5 M ethyl-p-Iolwne sulfonaIe (&N-p- 

Ts) in acelonilrik : waler (6: I)] were recotdcd. 4- 

(Chloroaceryl)pyridinc 6 and 4-(bromoac~tyl)pyr~dinc 7 were used 

as rhe hydrochloride and Ihe hydrobromide. respectively (in all 

cxpcnmIs). as whey 14 IO pdymcrire when handled as free 
bases ‘. To avoid the polymriution which occurs in 

Tabk I. E,., values for Ihe cl-haloketones (IO ’ M reactanl in b.8. 
pH 3 SolUIionS) 
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aceromtrik. water solvenf. their current-potential curves were 

measured In rhc b.g. solution after adJusting she pH IO 3.0 by 
means of HCI for 6 and HBr for 7. In order to enabk meaningful 
comparison trrwecn the mrasuremcnts for all rhc compounds. 

current-potential measurements al pH 3.0 (usmg both HCI and 
HBr in separate experiments) were pcrfonned with 3.4.5.8.9 and 
IO. The haJidcs 9 and IO did no1 reduce in either b.g. DT b.g. pH ! 

solutions. lbc curves obfained for 4 in b.g. solutmn arc shown as 
an cxampk m Fig. I. 

(h) Current-ume curves lakcn during the lifetime of a drop (on 

free falling drops) were performed at .C x IO ’ M cmccnlralions 

In b.g. solution-pH 3 The potential was constant dunng each 
mcasuremcnt and was at E,., for each compound- phcnacyl 
chloride M.?V; phenacyl bromide +I OV and 4- 

(chJoroacclyl)pyndmc 64.2 V Reprexnratlvc CUITCS arc shown 
in Fig 4 for 3. 

Prcporarit* r&rrrol~su and product analysis 

All expcrimcnts were pokntlostatk and wcrc conducted on 

30 ml of 0. I M starlmg compound solutions. The rcactitms were 

stopped when Ihe cuncnt dropped to b.g. value (-5 h). Fzh 

ekcrrdysis was repeated several times for verification of the 

results and the benlcnc derivatives 3 and 4 yielded acctopcnonc 5. 
The pyridinc dcnvatlvcs 6 and 7 yielded acetyl pyndmc 8. Both 
products uerc obtained in quanti(ative ylcld. ‘Ihe Far-&~ >lclds 
were over WX for 4. 6 and 7 and MUIS% for 3. 

Ekcrrolyscs of 3 and 4 in b.g. solutions and of 3. 4. 6 and 7 m 
b.p pH 1 sdns were performed The work up conuslcd of 
removing lhe acetonttnk in rat-w at room temp.. addititm of 

I! ml sat. NaCl soln. extraction with ether and removing the 

solvent Ial room temp) after drying over MgSO,. When h.g. pH 3 
solns wcrc uud KOH YS ad&d (to pH 7) prior IO the ether 
cxlracuon. 
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